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Effects of Pulsed-D.C. Discharge Plasma Actuators in a
Separated Low Pressure Turbine Boundary Layer

J. D.Wall*

Air Force Institute of Technology Wright-Patterson AFB, Ohio, 45433

I. C. Boxx†, andR, B. Rivir‡

Air Force Research Laboratory, Wright-Patterson AFB, Ohio, 45433

and

M. E. Franke§

Air Force Institute of Technology Wright-Patterson AFB, Ohio, 45433

A pulsed DC dielectric barrier discharge plasma actuator is investigated to reattach the
simulated separated flow of a highly loaded turbine blade suction surface. Pulse rates of 25,
50, 75, and 100 pulses per second were investigated at a nominal constant pulse power of 8.5
kW for a constant pulse width of 250 ns. The separation of the flat plate boundary layer is
induced with an adverse free stream pressure gradient distribution from an upper wall.
Phase-locked particle image velocimetry (PIV) was used to obtain two-dimensional velocity
field measurements at 6 to 24 equally spaced phase-angles, depending on the pulse rate. At a
pulse rate of 100 pulses per second the 70 % velocity contour in the boundary layer was
moved closer to the wall by 39%, compared to the unforced case, 15 mm downstream of the
actuator.

Nomenclature
c = bladechordlength(m)
Cp = (Pt – Ps)/(1/2 ρu2)
Ps = localstatic pressure (N/m2)
Pt = total pressure(N/m2)
Rec = ρUinfc/µ
Tu = 2222 VUvu +′+′
U = local streamwisevelocity (m/s)
Uinf = freestreamvelocity at infinity (m/s)
V = local freestreamvertical velocity (m/s)
Vinf = freestreamvertical velocityat infini ty (m/s)
ρ = freestreamair density(kg/m3)
µ = viscosity(Ns/m2)

I. Introduction
HE demands for greater performanceand efficiency in low-pressure turbine bladeshaslead to higher airfoil
loading. A limiting parameter for blade loading is the increased level of boundarylayer separationat low

Reynolds numbers. In an effort to maintain high blade loading, forestall flow-separation or reattach already
separatedflows over the Low PressureTurbine (LPT) at low-Reynoldsnumbers, passive and active flow-control
mechanismshave beeninvestigated. Plasmaexcitation of thewall regionoffersa methodof manipulating
_________________________
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†NRC ResearchAssociate,AFRL/PRTT, 1950Fifth Street,WPAFB OH 45433, AIAA Member.
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the near-wall velocity profile andto induce boundarylayer reattachment. The effectsof electrostatic fields on fluid
flows havebeendemonstratedover many years. Velkolff1 investigatedelectric field effects on heat transfer and
pressuredistributionsfor stagnation andflat plate boundarylayer flows. Roth et al.2 found that a dielectric barrier
discharge(DBD) with an asymmetric electrodeconfiguration mountedon a flat platecould reducedrag andalsothe
overall boundarylayer thickness by inducing local acceleration of fluid near the wall. Since then, a numberof
researchershave characterized theeffect of theseactuatorson flow overaerodynamicsurfaces.Corke et al.3 studied
flush mounted and subsurfaceplasmaactuators as a means to introducecontrolled disturbancesinto flow over
axisymmetric bodies in supersonic flows of Mach numbers 3.5 and 6. Postet al.4 studiedplasma actuators as a
meansof controlling flow separation over a NACA 663 – 018airfoil over Reynoldsnumbers ranging from 77,000to
460,000. They demonstrated an 8 degreeincreasein maximumangle of attack, accompaniedby a full pressure
recoveryafter stall. Post et al.5 alsostudiedthe effectof plasmaactuatorson anoscill atingNACA-0015airfoil and
were ableto achievea highercycle-integrated lift .

Several investigations of the application of the DBD actuators to separated LPT cascade flows have been
reported. Hultgrenet al.6 studiedanarrayof asymmetric electrodeDBD plasma actuators mountedona flat plat in a
simulatedpressure field of the suction side of a Pak-B LPT bladeat Reynolds numbers rangingfrom 50,000 to
300,000. Theyconcludedtheir phasedarrayDBD plasmaactuator was aneffective devicefor separationcontrol on
the LPT blade. List et al.7 studied an asymmetric electrodeDBD plasma actuator on a linearcascadeof Langston
turbine bladesand found the actuators could reduce profile lossby 14% at low Reynoldsnumbers(Re= 30,000).
Huanget al.8 studied plasma actuators positionedat variouschord locations on the surfaceof a Pak-B profile in a
linear turbine cascade over Reynolds numbers ranging from Rec = 10,000to 100,000. They found the boundary
layer flow reattachment point induced by the plasma actuator was highly sensitive to free stream turbulenceand
Reynoldsnumber.

Although the studies abovehave produced useful insight into the effect of plasmaactuatorson a variety of
boundarylayerflows,theyhavereliedalmostentirely upontime-averagedmeasurements. While suchmeasurements
are useful in studying global effects and trendsthey also inevitably obscure the periodic natureof the physical
mechanismthrough which theseactuators force the near-wall boundarylayer flow. Time-averaged measurements
areparticularlypoor in determining what phaseof the actuator cycle is dominant in affectingchange in local and
global flow field characteristics. For example, it has beennoted by previousresearchers(Rivir et al., 9 andEnloeet
al., 10 ) that clustersof very short duration, 10’s of ns, currentspikesform during the ignition phaseof the DBD
actuator cycle. Peakcurrent during theseeventscan be several ordersof magnitudehigher thanthe peak-to-peak
currentvariation elsewhere in the cycle. Figure 1 shows a characteristic voltage and current trace measured in
continuousAC DBD discharges.

Theobjective of the currentstudywas to investigate pulseddc dischargeswith low duty cyclesto determine the
sensitivity to duty cycle andpower. In this study the
powerper pulse washeld constant andthe duty cycle
varied. Pulsed DC discharges have been previously
investigatedin Rivir et al.9 in quiescent air, for pulse
lengthsfrom 22 ns to 2 ms as illustratedin figures2
and3. Thesepulsed dischargeshave higher voltages,
currents, and powers,during the pulse, typically 2-15
kW but alsoashigh as70 kW. In this effort thepulse
width wasstandardizedat 250 ns. Theduty cycle was
varied by varying the pulse rate from 25, 50, 75, to
100 Hz. This results in an average power variation
from 0.05 to 0.2 watts. In contrastthecontinuous AC
power levels varied from 5-25 watts. The plasma
actuator was located in a well -characterized flow-
field. The flow-field was a fully separatedflat-plate
boundary layer in a free stream pressuredistribution
designedto simulate that of a generic low-pressureturbine blade. The measurements usedin this study included
high spatial-resolution, phase-locked PIV and 31 pressuretaps along the test section. Two-dimensionalvelocity
field measurements were acquired at each of 6 to 24 points betweenplasma pulses. 2000 pairs of images were
comparedfor eachpulseratepointswith thecameradoubleframe framing rate at 600framespersecond. Low order
frequencyspectrumswere compared for eachpulserate. The actuator reduced theboundary layer for all pulserates
investigated.

Figure 1. DB D c ycle voltage and c urrent .
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II. Experimental Apparatus
A. Plasma Actuator

Thisexperimentusedthesamefacility andexperimental apparatuswhich is describedin detail in Boxx et al.11,12.
The DBD flow-control actuator used in this study is shownin Figure 2.. It consistedof two copper electrodes
separatedby a layer of fiberglasslaminate. The section of the electrodeswhereplasma is generatedmeasured
95 mm by 3.2 mm wide and0.036mm thick. Thefiberglasslaminateseparating themwas1.56mm thick and hada
dielectric strength of 28 kV/mm. The upperand lower electrodesdo not overlapin the y-axis but areplaced in an
asymmetricconfiguration with theupper electrodeon theupstreamsideand thelower oneon thedownstream. The
line corresponding to the interface betweenthe trailing edgeof the upper electrodeand the leading edgeof the
embeddedis takenastheorigin of thex-y coordinate system.

Figure 2. Schematic diagram of the dielectric barrier discharge flow-control actuator configuration.

Theactuator wasfabricatedfrom a double-sidedcopper-clad circuit boardusing a photolithographytechnique.
Actuators fabricated from this material are inexpensive to produce and allow highly accurate placement and
alignment of the electrodes for a uniform discharge. The fiberglass laminate tends to degradewith increased
exposureto theplasmadischarge. Theexposedelectrodeandcircuit board surfacewerecoatedwith a layerof high-
temperatureenamel. This protected the surfaceand resulted in a slight increasein the dielectric strengthof the
barrier. The electrodeswere driven with a pulse-dc power circuit. This circuit is shown in Fig. 3. This circuit
consistedof a 12kV, 0.33AGlassmanDC powersupply, a 25nF capacitor, anda Belhkemodel HTS-181or a HTS
151 high-voltagesolid state switch. The HTS-181 wasusedfor all but the 100 ppsmeasurements and is rated to
18kV and60A. In the current study,voltagewasfixed at 8.5kV. On-time for the switch was250 ns. Electrical
leadlengthand separation wereminimizedto reduce external circuit effects.

Figure 3. Pulsed-dc discharge power delivery circuit.

B. Low-Speed Wind Tunnel
All experimentswereconducted in thelow-speedwind-tunnelsectionof theTurbineAero ThermalBasic

ResearchFacili ty at theAir Force Research Laboratory. Thelow-speed wind-tunnel hasa rectangulartest-section
measuring38 ×25 cm. andits sidesare 2.54 cmthick Plexiglas. The voltage wasmeasuredusinga pair of 1000×
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voltage-attenuation probes, TektronicsModelP6015A. Currentwasmeasured with a PearsonModel4100 current
coil. In orderto correct for induction and capacitanceinherentin the power-conditioning, a baseline caseusinga
seriesof low-impedancepure resistors in placeof the actuatorwasalso utilized to makereferencepowerlosesin the
circuit.

Figure 4. Experiment configuration, showing low-speed wind tunnel, PIV system and plasma actuator switch
components.

Temperatureof the flow throughthe tunnel wasregulatedandset to 26.6 ˚ C using a water-cooledchiller. Flow
through the facility was seeded with propylene-glycol/water droplets (nominally 4 µm diameter)from a Rosco
Model 4500 fog generator. The actuator was mounted on a flat plate located in the test-sectionof the tunnel. A
recess milled into the upper surface of the plate ensured the actuator was flush with the surface. The active the
plasma-generating regionof the actuator spannedonly the center 95 mm of the platein order to avoid wall-effects
from thesidesof the tunnel.

The upperwall of the tunnel wascontouredto provide the suction surfacepressuredistribution approximating
that of a generic aft-loaded, low-pressureturbineblade. Theuppertunnel wall wasfabricatedwith a rapidprototype
insert that provided a slot to provide suction to create the separation on the flat test surfaceanda slot for the laser
light sheet. In order to keep flow attached over the contour a vacuumwasapplied to a 6.25 mm long slot which
spansthe width of the block downstreamof the throat of the contouredsection. The laserlight sheet window was
closedwith a Plexiglaswindow contouredto the wall. The ssuction wasgeneratedusing a throttled, 2HP vacuum
system.The flat platetest section hasa 4/1 elliptical leadingedgeand 31 offsetpressure taps, locatedout of theside
wall boundary layer. The electrodestructure was locatedat the 63% axial chord locationanddownstream of the
initial separation location.

C. PIV System
The PIV system useda dual-head, frequency-doubled,flashlamp-pumpedNd:YAG laser, New WavePegesus,

andan adjustable light-arm to deliver sheet-illumination to the test-section. Light scattered from propylene-glycol
seeding droplets was imaged with a high frame rate, 1024× 1024 pixel resolutionPhotron-APX CMOS camera.
The camera wastriggered in a two-frameburst modeto producea frame-straddlingPIV system. The camera was
equippedwith a 200mm lens, Nikon, AF-Nikkor, operating at f/11. The field of view of the PIV systemwas
17.9 × 17.9mm. Each pixel correspondsto 17.45 µm in physical spacefor approximately 1-to-1 imaging. The
camera and laserswere synchronized using two pulse/delay-generator timing boxes, Stanford Research Systems
DG-535 and Quantum Composers 9300 Series respectively. The imageswere processed with Dantec’s Flow
Managerwith a adaptivewindow offsetcross-correlation algorithm. The final window sizewas 32 × 32 pixelswith
50% overlapfor a final spatial resolutionof ≈ 0.56mm and vector placementevery ≈ 0.28 mm. Thedatawasthen
post-processedusing in-housecodes.

D. Boundary Conditions
Thedriver signal for the DBD actuatorin this studywassetto a pulse length of 250ns andhada peak-to-peak

potential differenceof 8.5kV. Thelocal freestream velocity abovethe actuator locationwas nominally 1.8m/sand
Tu = 4.6% ( 2222 /'' VUvuTu ++= , whereU andV arethe local free streamvelocity components in the x and y

directions).Thestatic-pressuredistributionalongthetest-section wall wasmeasuredat 31 pointsusing a
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GE - Druck LPM 9481,0.2” H2O full -scale rangepressure transducer in a Scanivalve. Thesepressureswereused
to computetheCp distribution shown in theplot presentedin Fig. 5. Cp wasdefined as ( ) ( )2

2
1 UPPC stp ρ−= , where

U is the freestreamvelocity upstreamof theactuator. As notedabove, suction was applied to thecontouredupper
surfaceof the wind-tunnel test-section in orderto prevent flow-separation there.Theplot shown in Fig. 5 alsoshows
the Cp distribution for thecasewhere no suction wasappliedto the uppersurface. It canbeseenfrom thesimilarity
of the two profilesthat althoughthe applied suction resulted in an attachedflow over the uppersurface, it did not
result in a substantial alterationof thefreestreampressurecharacteristics. Comparing our measuredCp distribution
to that of a genericlow-pressure turbine airfoil, we determinedthatthecontouredtest-sectionproducedandeffective
chordlength of 35 cm, resulting in a simulatedchord-Reynoldsnumberof 23,500for this study.

Figure 5. Cp distributions for simulated test section.

In order to better characterize the nature of the flow
throughthe test-section,we also performeda seriesof wide-
field PIV measurements using the systemdescribedabove.
The streamlinesderived from thesemeasurements areshown
in Fig. 6. Overlaid on thesestreamlines are the relative
positions of the contoured upper section of the wind-tunnel,
including the slot where the suction was applied, and the
outer bounds of the lasersheet illumination. The signal-to-noiseratio of the measurements droppedoff quickly at
the edgesof the lasersheet, which results in the misshapenstreamlines. It is clear from these streamlinesthat the
suction applied to thecontoured upper section of the tunnelinduceda small but noticeable, ≈ 0.2m/s velocity in the
vertical direction. Although this added vertical velocity was undesirable it was necessary in order to maintain
stability and uniformity in the test-section. The vertical velocity induced by suction provided an additional
challengeto flow-reattachment.

III. Results and Discussion
A. Pulsed DC Voltage, Current, Power, Velocity Measurements

22 ns pulsesand2 µspulsesareshownin Fig. 7 and8 for the HTS-151switch at a duty cycleof 100pps. Duty
cycle andppswill beusedinterchangeablyand is definedasthe % time theplasmais on per second. This provides
an averagepowerof ~1watt at this pulserate with a peak powerof 60 kW/pulseandan averageof 2-7 kW/pulse.
The HTS-151 switch wasusedto provide the 100ppsmeasurements. The streamlineswith plasma on and off are
shown in Fig. 9 andthe contours of the70%boundary layerstreamline areshown in figure10 for a 250 ns pulsedat
100 ppsat an averagepower of 0.213 wattscomparedagainstthe continuous AC dischargeat a power of ~5 -25
watts. The HTS-181 was more difficul t to characterize due to changes in the external circuit which resulted in
oscillations.
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Figure 6. Streamlines of flow through the test-
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While the separationwas not entirely eliminated, for all duty cycles evaluated, 25, 50, 75, 100 pps (average
power= 0.053, 0.011, 0.159,0.213 watts, respectively), the70 % contourwas alwaysreducedandmovedcloserto
the wall. The lower duty cycleswere evaluated with the HTS-181 switch in placeof the HTS-151. The HTS-151
failed following 100 pps testing. The HTS-181 hasa voltage andcurrent rating, 18 kV and60 A. Long delivery
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timesprecludedimmediatereplacementof the 151switch. The samepulselength,250nswasusedfor theHTS-181
switch. The continuous AC case is shown in Fig. 11 for comparison at a power level of ~25 watts and the
magnitudereduction of the70 % contour is extrapolatedfrom the50%reduction at x=10 mm to 54% at x =15mm.
The average power level in the pulsedcaseis 0.213 watts, two ordersof magnitudelessthanthe continuouscase
from Boxx et al.11,12. Theduty cyclesfrom25 to 100pps70 % contours are summarized in Fig. 12 and13. The75
Hertz caseat 70% issuspect asall other75 Hertzcasesshowsimilar ~ 17-23% reductions.

Figure 11. Separated flow actuator off / attached flow actuator on continuous 3 kHz, 25 Watts, U m/s
70% velocity contour attenuated 50%, x = 10mm, extrapolated to 54%, x = 15 mm.
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Phase locked measurements were possiblewith the continuous AC experiments using multiple pulses. The
double frame time for PIV was 100 µ seconds to allow accurate resolution of the nominal 2 m/s free stream
velocities. The framerate selected for the multiple frameswas600 Hz. 3000 Hz AC sourcesthenhave3 double
frames percycleandthe0.250 µspulselength DC pulseswould have 6 to 24 doubleframesbetween pulses@100
and25 pps. Thepulsewould beconvected0.6 mm(sincetheturbulent spotat the wall is convected at ~30%of free
stream) to 2mm for the free streamdownstreambetweencameraframesor 3.6 to 12 mm betweenplasmapulsesat
100 pps.

Figures14 and15 were created by taking columns(x or pixel number) at 20%,40%,60% of the PIV window
andthenplotting three curves for the 500 frames. Becausethe x coordinates aredirectly proportionalto the pixel
number andthe camera framing rate is constant at 600 framesper secondFig. 14 and 15 canbe convertedto time
andamplitude. The useof three columns results in a usablefrequency spectrum of only 10 Hertz. In Fig. 16 five
columns havebeenusedto computethe frequency spectrum which allows resolution of frequenciesof up to 20
Hertz. Previous experimentshaveshownthe 10-20 Hertz frequencies to be characteristic of the shedding of the
separationbubble.

IV. Conclusions
Theeffectsof pulse rates of 100, 75, 50, and 25 ppswere investigatedat a constantpulsepowerin a simulated

Pak B pressuredistribution for a Reof 23,500. Thepulsevoltagewasfixed at 8.5kV and thepulselength at 250ns,
which resulted in a nominal8.5 kW/pulse, or averagepowersof 0.213, 0.159,0.106,and0.053wattsrespectively.
The simulated pressuredistribution resulted in separation upstream of 63% Cx where the actuator was located.
Phase-lockedparticle imagevelocimetry (PIV) wereusedto obtain two-dimensionalvelocity field measurementsat
6 to 24 equally spaced phase-angles,depending on the pulserate. At a pulserate of 100 pps the 70 % velocity
contour in the boundary layer is moved closer to the wall by 39%, compared to the unforced case, 15 mm
downstreamof theactuator. Frequency spectrumswith theplasma on showedexpectedseparation bubbleshedding
frequenciesandsmall increasesin amplitude.
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